Trap characterization by gate-drain conductance and capacitance dispersion studies of an AlGaN/GaN heterostructure field-effect transistor
The effects of photowashing treatment on the electrical properties of an AlGaN/GaN heterostructure field-effect transistor were studied by observing changes in atomic composition and band bending at the surface of AlGaN through synchrotron radiation photoemission spectroscopy. The surface treatment produced group-III oxides on the surface of AlGaN, leaving N vacancies behind. Both the gate leakage current (I GD ) and drain current (I DS ) simultaneously decreased after the treatment. The decrease of I GD was due to a delay in movement of the electrons, namely, trapping and detrapping. The trapped electrons reduced the effective channel thickness, and led to the reduction of I DS . © 2002 American Vacuum Society. ͓DOI: 10.1116/1.1491554͔ AlGaN/GaN heterostructures have made III nitrides suitable for high power and high temperature transistors. The excellent microwave performance of AlGaN/GaN heterostructure field-effect transistors ͑HFETs͒ was demonstrated.
1,2 Because of the inherent chemical stability of GaN, device fabrication processes that involve the AlGaN/ GaN materials system have usually relied on dry etching which is known to damage surfaces and introduce charge trapping centers on etched surfaces. 3 Surface damage induced during a recessed gate process in the fabrication of HFETs especially could drastically reduce the gate breakdown voltage unless very low plasma power is used. 4 Ultraviolet ͑UV͒-assisted wet etching of group-III nitrides, such as GaN and AlGaN, was actively studied due to the low amount of physical damage introduced onto etched surfaces in the gate recess etching process. 5, 6 Previously, the photoluminescence intensity on the surface of GaAs sharply increased after photowashing treatment. 7 This was explained by a reduction in the surface state density that causes electron-hole recombination. However, exposing the surface of group-III nitrides to UV illumination could change materials properties such as the concentration of surface states and the Fermi level position at the group-III nitride surface because of different photon-induced chemical reaction at surfaces of GaAs and group-III nitrides. Until now, no results were, however, reported on the type of point defect related to such surface states and to resultant changes in the electrical properties of HFETs.
In this work, the changes in atomic composition and surface states at the surface of AlGaN caused by photowashing treatment were investigated by synchrotron radiation photoemission spectroscopy ͑SRPES͒. The effect of surface treatment on the electrical properties of AlGaN/GaN HFETs was examined by both current-voltage (I -V) and transconductance (G m ) dispersion measurements. From these, the origin of changes in electrical properties caused by the photowashing treatment was proposed.
The undoped AlGaN/GaN heterostructure used in this work was grown by metalorganic chemical vapor deposition ͑MOCVD͒ on a sapphire substrate. An undoped GaN buffer layer with a thickness of 1.2 m was grown, followed by the growth of 270-Å-thick undoped Al 0.25 Ga 0.75 N. The electron mobility and sheet concentration were respectively, 510 cm 2 /V s and 3ϫ10 13 /cm 3 , determined by Hall measurements.
In the fabrication of the AlGaN/GaN HFET, an active region was defined using Cl 2 inductively coupled plasma. Ti/Al ohmic contacts were deposited by an electron beam evaporator, followed by rapid thermal annealing at 700°C for 1 min. A 1.0 m gate pattern was formed with image reversal lithography and a 0.1-m-thick Pt gate was then deposited on top of the undoped AlGaN layer.
The device fabricated was photowashed by dipping it into de-ionized water under an UV illumination. An unfiltered Hg arc lamp with an intensity of 10 mW/cm 2 provided uniform illumination over the entire surface of the device. The chemical composition at the surface of AlGaN was characterized using SRPES. In order to obtain depth information on the atomic composition, the take-off angle , defined as the angle of photoelectron emission to the surface, was changed from 10°to 90°. Figure 1͑a͒ shows the change in gate-to-drain leakage current (I GD ) with the photowashing treatment. The measurement was carried out with the source floated, that is, a twoterminal condition. I GD decreased significantly after being photowashed for 10 min. The drain current (I DS ) also decreased, as shown in Fig. 1͑b͒ , taking into consideration the shift of pinch-off voltage (V p ) towards higher gate voltage (V GS ). These results show that surface states that cause the change in electrical properties were produced during the photowashing treatment. Figure 2 shows the change in G m dispersion of the HFET with the treatment. The values were normalized to the value measured at 1 Hz. The gate and drain biases used were Ϫ2.0 and 6.0 V, respectively. Before the treatment, G m was nearly independent of the frequency, but it decreased after the treatment, namely, negative G m dispersion. The negative G m dispersion could be interpreted by electron trapping at the surface states on the ungated region between the gate and source/drain electrodes. 8 In other words, during the negative half cycle of the sinusoidal signal, electrons are emitted from the gate to the ungated surface region. The electrons emitted can be captured by surface states on the ungated surface. At frequencies lower than the emission rate of an electron from the trap, electrons trapped at surface states are capable of following the sinusoidal signal applied.
Thus, the depletion region under the ungated surface as well as that under the gate is fully modulated by the signal applied. At higher frequencies, however, trapped electrons are unable to follow the signal and the charges held at surface states will be frozen. Thus, G m at higher frequencies becomes small, as shown in Fig. 2 . From this, it is suggested that the photowashing treatment produced surface states at the ungated surface. Figure 3 displays Ga 3d and Al 2p photoemission spectra at the surface of AlGaN. The spectra before the treatment showed an asymmetric shape, which means another bond was superimposed on the peaks. Considering full widths at half maximum ͑FWHMs͒ and binding energies of chemical bonds, Ga-O and Al-O bonds could be separated from the Ga 3d and Al 2p spectra, respectively. After the treatment, the FWHM of each peak became broad, which is due to the increase of the oxide peaks. Note that even though the Al mole fraction in the AlGaN layer is only 25%, the increase of the Al-O bond was more significant than that of the Ga-O bond. This can be explained using the Gibb's free energy change for the formation of each oxide. Namely, Ϫ⌬G 298 in The binding energies in Ga-N and Al-N bonds increased by ϳ1.0 eV as seen in Fig. 3 . This means that the Fermi level at the surface of AlGaN was elevated by the same magnitude toward the conduction band edge. The increase in the Fermi level position by the treatment is directly confirmed by the valence band spectra in Fig. 4 . The difference in energy between the valence band edge and Fermi level increased about 1.1 eV after the treatment. This agrees well with the result in Fig. 3 . The increase in the Fermi level means a reduction of band bending below the AlGaN surface.
In order to obtain depth information on atomic compositions at the surface of AlGaN, was varied. At a smaller take-off angle, the intensity of photoelectrons emitting from the surface becomes dominant due to the inelastic mean-free path of photoelectrons. The atomic concentrations of Ga-N, Al-N, N-Ga, and N-Al bonds were determined using the peak area and the atomic sensitivity factor of each element, summarized in Table I . The ratio of (Al Al-N ϩGa Ga-N )/(N N-Ga ϩN N-Al ) increased with the photowashing treatment at ϭ20°. This means that the AlGaN surface became N deficient and a number of N vacancies 9 V N were produced by the photowashing treatment.
The decreases in both I GD and I DS can be explained by the delay in the movement of electrons by trapping and detrapping mechanisms taking the results of G m dispersion and SRPES measurements into consideration. In the absence of surface states, electrons ejected into the bulk and/or the ungated surface under negative gate bias 10 are swept directly into the drain. After the photowashing treatment, however, electrons ejected were captured by surface states and drifted toward the drain through the repetition of trapping and detrapping processes. This resulted in the decrease of I GD shown in Fig. 1͑a͒ . In addition, it is known that electrons trapped at surface states play a role in increasing the depletion layer width to maintain charge balance. 8 This leads to the decrease in I DS via the reduction in the density of twodimensional electron gas ͑2DEG͒ at the interface of AlGaN with GaN, as shown in Fig. 1͑b͒ .
The decrease in the density of 2DEG may be attributed to the decrease in the thickness of AlGaN layer through the formation of the photowashing-induced oxide, because the 2DEG density increases with the thickness of AlGaN due to the effects of piezoelectric and spontaneous polarization.
11
The oxide thickness can be estimated using the inelastic mean-free path of photoelectrons , defined as the escape probability of photoelectrons which decreases to 1/e with respect to the probability at the surface. The of Al 2p photoelectrons in Al 2 O 3 was determined to be about 10 Å using the relationship, ϭ2170/E 2 ϩ0.72a
, where E is the kinetic energy of Al 2p photoelectrons and a is the monolayer thickness of Al 2 O 3 . 12 The integral intensity of the Al-O peak is about 0.47 in comparison with that of the Al-N peak, shown in Fig. 3 , meaning that the Al-oxide thickness corresponds to 20 Å. 13 Thus the photowashinginduced oxide thickness is not sufficient to reduce I DS , as shown in Fig. 1͑b͒ . From this, it is suggested that the photowashing treatment produced a number of V N at the AlGaN surface, and that it plays a major role in reducing the I DS of HFETs.
In summary, both I GD and I DS simultaneously decreased after photowashing treatment on an AlGaN/GaN HFET. The treatment generated group-III oxide on the surface of AlGaN, leaving surface states behind in the ungated surface region, which was seen by the negative G m dispersion. The surface states generated by the photowashing treatment were suggested to be N vacancies, based upon the angle dependence of the atomic composition and the increase in binding energy in each element. The decrease of I GD was explained by a delay in the movement of electrons, namely, trapping and detrapping. The trapped electrons reduced the effective channel thickness, leading to the reduction of I DS .
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